Ion-sensitive field-effect transistors based on silicon nanowires are promising candidates for the detection of chemical and biochemical species. These devices have been established as pH sensors thanks to the large number of surface hydroxyl groups at the gate dielectrics which makes them intrinsically sensitive to protons. To specifically detect species other than protons, the sensor surface needs to be modified. However, the remaining hydroxyl groups after functionalization may still limit the sensor response to the targeted species.
Introduction
Since their introduction at the beginning of the 1970s [1] , ion-sensitive field-effect transistors (ISFETs) have generated strong interest [2] . Their sensing principle is based on the gating effect induced by charged particles adsorbed at the sensor surface. Advances in micro-and nanofabrication have given the possibility to downscale the devices to the nanoscale. [3, 4] In particular, silicon nanowire FETs (SiNWFETs) have been used successfully for different sensing experiments. Although successful chemical sensing [5, 6, 7, 8, 9, 10, 11] , label-free biosensing [12, 3, 13, 4, 14, 15, 16, 17] and the recording of intracellular action potentials [18] have been demonstrated, the only commercial application is still pH sensing [3, 19, 20, 21, 22] . The reason for this development lies in the use of bare, high quality oxide surfaces such as Al 2 O 3 or HfO 2 which exhibit a high number of surface hydroxyl groups. In contact with the electrolyte, these groups are protonated or deprotonated, depending on the local pH at the surface as described by the site-binding model. [23, 24] The reaction builds up a net surface charge density σ 0 and surface potential Ψ 0 leading to a redistribution of the ions close to the surface described by the Boltzmann equation pH s = pH b + eΨ 0 /(2.3kT ) with pH b being the bulk pH and pH s the surface pH, e the elementary charge, k the Boltzmann constant and T the absolute temperature. According to the Boltzmann equation, a change in bulk ∆pH b can be compensated by both a change in surface ∆pH s and a change in the surface potential ∆Ψ 0 , the latter being the measured quantity. The surface hydroxyl groups are effectively buffering the surface, leading to an almost constant pH s . In this case, a change in bulk ∆pH b is fully compensated by the surface potential and the so-called Nernstian response ∆Ψ 0 = 2.3kT /e∆pH b = 59.5mV/pH (at room temperature) is observed.
This intrinsic property of the gate dielectrics is important for the specific detection of proteins or ions other than protons. [25, 26, 27] For such sensing experiments, the oxide surface needs to be modified to specifically detect the targeted species. Besides ionselective membranes [28, 9] , self-assembled monolayers (SAMs) of functional molecules have been used for this purpose. In the case of oxide surfaces, the self-assembly of silane monolayers has become a widely used method for functionalization [6, 3, 10, 17] in which surface hydroxyl groups are replaced by new functional groups. However, a certain number of hydroxyl groups will still remain on the surface. [29] To understand the measured response of the sensor to changes in analyte concentra-tion, the influence of the remaining hydroxyl groups after functionalization has to be included. Wunderlich and co-workers demonstrated by an analytical description, that the sensitivity to protons can decrease or even suppress the measured signal for protein adsorption. [30] In this work, we investigate the influence of pH on the specific detection of ionic species. We start with a simple general site-binding model explaining the influence of a competing reaction on the detection of a targeted species at the ISFET surface. The model assumes perfect selectivity of the surface sites and no competitive binding. It is, however, important to emphasize, that the reactions are still coupled via the surface potential. We show here that this coupling can lead to a full suppression of the response to the targeted species, in agreement with the results of Wunderlich et al. [30] We further demonstrate the key features of the model with a real physical sensing example implemented using goldcoated nanoribbon FETs functionalized by a SAM of calcium (Ca 2+ ) selective molecules.
We find a moderate pH response of the bare gold surface of ≈ 30 mV/pH in the range from pH 3 to pH 10, which indicates the presence of a small number of hydroxyl groups.
The pH response remains unchanged after functionalization of the gold surface with the SAM. Hence, the number of hydroxyl groups is not affected by the functionalization [11] and the response to protons competes with the targeted Ca 2+ adsorption as proposed by the model.
To demonstrate the influence of these remaining hydroxyl groups, we measure the response to calcium ions in the physiologically relevant concentration range from 1 mM to 1 M in buffered solutions of pH 3, pH 7 and pH 10. We find no response when measuring at pH 10 whereas at pH 7 and pH 3, responses up to 20 mV/dec were achieved. The measurements are in good agreement with the model and demonstrate the influence of the competing hydroxyl groups on the sensor response. Note that studies on the noise and sensitivity of this type of devices have been described in previous work. [29, 31, 32, 33] 
Theory
In literature, two different approaches are commonly used to describe interfacial potentials, depending on whether charge adsorption is assumed to occur only at the solid surface or also within the material. [34, 35] The first approach is followed by the sitebinding model, frequently used to the describe the interface of ISFET devices with the solution. [23] In case of the site-binding model, the interface is assumed to be (ideally) polarized and therefore purely capacitive. The second model originates from the field of ion-selective electrodes and expands on the existence of a hydration layer within which charge adsorption occurs. [36] The corresponding interface is non-polarized and therefore a resistor in parallel to the capacitance has to be included. In this work, we focus on the site-binding model. This choice is further motivated in the supporting information.
We first consider the simplest general case of two competing surface reactions, illustrated in Figure 1a . 
(1) K 1 and K 2 are the dissociation constants defined as
with ν being the number of corresponding surface sites per unit area (m 2 ). 
The reactions with A + 1 and A + 2 lead to a surface charge density σ 0 given by the sum of the charged groups
with e the elementary charge. The charged surface builds up a surface potential Ψ 0 which drops over the double layer capacitance C dl per unit area:
We approximate the double layer as a series connection of the Stern layer C Stern and the diffuse layer capacitance 
Since the sensor signal is given by the surface potential Ψ 0 , we are interested in solving the presented set of equations to obtain an expression for the surface potential as a function of the bulk activities a 1 , a 2 , the number of the surface sites N 1 , N 2 and the dissociation con-
can be calculated by inserting the two rate equations 2 in the corresponding equations for the total number of surface groups 
where the first term of the sum is determined by the reaction between A In the following, we will use the latter expressions to calculate the activities a 1 and/or a 2 for a given Ψ 0 . For illustrative reasons, we will plot the surface potential Ψ 0 always on the vertical and the activities a 1 and/or a 2 on the horizontal axis, suggesting that
is the dependent variable, being a function of the bulk activities a 1 and a 2 . Figure 1b shows the surface potential Ψ 0 versus activities a 1 and a 2 calculated for
The values of K 1 and K 2 were chosen such as to correspond to typical values for binding constants assuming that the reaction involving L 2 has a higher affinity compared to the other reaction. The densities of surface groups N 1 and N 2 are set to values corresponding to a typical gold surface as we will see in the results section. We observe a sigmoidal (or S-shape) response of the surface potential Ψ 0 upon changing the activity a 1 or a 2 .
In the four corners of the plot, a change in activity of A , which we will therefore call the region of maximum response, in mV/dec.
To better understand the relation between the surface potential and the two bulk activities we emphasize specific limits of the given system. We first focus on the targeted reaction involving species A + 1 and neglect the influence of the competing reaction by setting N 2 = 0. The total potential shift due to the binding of the targeted species
of maximum response depends on the dissociation constant K 1 for ligand L 1 . However, since we assume a Boltzmann distribution of the target analyte, the surface potential also strongly influences the binding. This is expressed by the term K 1 e eΨ 0 /kT which is often called the effective binding constant. [38] For a particular value of a 1 and Ψ 0 such that the condition a 1 = K 1 e eΨ 0 /kT is fulfilled, half of the sites are bound to the analyte and half of the total potential shift is observed. Thus, the region of maximum response greatly depends on the surface potential.
If a competing reaction is present in the system (N 2 = 0), it will affect the surface potential in a similar way, which results in a nonlinear coupling between the two reactions.
The strength of this coupling is given by the ratio N 2 /N 1 . This is shown in Figure 1c for
and a constant concentration of the competing species a 2 = 1 · 10 −7 M.
The detection of a 1 strongly suffers from the competing surface reaction if N 2 is two orders of magnitude larger than N 1 . Suppressing the response to a 2 by reducing the number of surface sites N 2 leads to a continuous increase of the response to a 1 until the total potential shift of 80mV is achieved for N 2 = 1 · 10 15 m −2 . For increasing N 2 , the response to a change in target analyte activity a 1 not only decreases, but also shifts towards higher a 1 . This is expected, due to the dependence of the effective binding constant on the surface potential. The higher the surface potential, the more the response region shifts to higher activities. Any charge at the sensor surface will change the region of maximum response of the sensor. Finally, Figure 1d shows the response to a 2 for the same set of parameters at a 1 = 10 −15 M. As expected, the response increases with 
Material and Methods
To underline the importance of a competing surface reaction, we functionalize goldcoated Si nanoribbon ISFETs with calcium-sensitive molecules and investigate the response to calcium ions in buffered solutions at different pH.
Device Fabrication. The samples were fabricated by a top-down approach on silicon on insulator (SOI) wafers (Soitec, France) with a buried oxide (BOX) layer of 145 nm thickness. A detailed description of the process can be found in our previous work. [33] . The 85 nm thick p-Si(100) device layer has a resistivity of 8.5 − 11. Optical lithography was used to define openings in the SU-8 layer. After wire bonding the chip into a chip carrier, the bonds were finally sealed with epoxy (Epotek 353ND).
Microchannels. Microchannels fabricated in polydimethylsiloxane (PDMS, SYLGARD
184 Silicone Elastomer) were used to deliver the liquid to the nanoribbon surface. The channels were designed in SU-8 (SU-8 100 MicroChem) masters by EBL. Then, the masters were covered by liquid PDMS which was peeled-off from the wafer after curing at 60 • C for 2 h. Polytetrafluoroethylene (PTFE) tubes were used to connect the microchannels with the external fluidic system.
Surface Functionalization. The samples were cleaned in UV/Ozone (20 min) and closed with a PDMS microchannel. The sample is divided in two parts by the microchannel: One control channel and one for surface functionalization (active). The Ca 2+ -sensitive ligand was synthesized as described in the supporting information and dissolved in methanol (≈ 2 mM). The active channel was then functionalized with the ligand by pumping the solution through the active microchannels with long stabilization intervals for 8 h. After functionalization the channels were rinsed with methanol. Then, the active channel was flushed with aqueous ammonia (10%) to remove the methyl esters for another 8 h. Finally the active channel was rinsed with deionized water. As a result, we achieve a differential setup having both functionalized and control nanoribbons on the same device. Figure 2a shows the schematics of a cross-section of a gold-coated nanoribbon after functionalization with the ligand. Figure 2a shows the schematics of an active nanoribbon ISFET after surface functionalization. The SAM of calcium-sensitive molecules leads to a new surface group ('Ligand'). 
Results and Discussion
K a , K b and K Ligand are the dissociation constants and the total number of surface sites per unit area is N s = ν MOH + 2 − ν MO − + ν OH for the hydroxyl groups and N Ligand = ν Ligand() 2− + ν Ligand(Ca 2+ ) for the ligand. We assume that the charged ligands are located directly at the surface plane, which is a severe simplification of the electrostatic problem.
In reality, the groups of the ligand will be distributed within a certain distance from the surface and additional electrostatic effects such as screening will be present. To keep the model as simple as possible, we neglect these effects. The qualitative influence of the competing reaction is independent thereof. The surface charge density is finally given by
Including the Boltzmann distribution for both protons (a = a Ca 2+ e −2eΨ 0 /kT ) leads to
where the first term is due to the functionalized groups, the second term the intrinsic sensitivity to protons. Similar to the general case, equation 10 can be solved analytically for the bulk activities of protons a H + and calcium ions a Ca 2+ .
After adapting the general model to the specific implementation with functionalized goldcoated nanoribbons, let us now turn to the experimental data. Figure 2b The activity is estimated using the standard Debye-Hückel approximation. [40] The control nanoribbons show a response to changes in CaCl 2 concentration due to some unspecific adsorption of species of the electrolyte. To remove this background signal, we calculate the differential response, which is our sensor signal, given by ∆V th = V th;active − V th;control and fit the data to the model. Fitting the differential response with the model is a simplification which we further justify in the supporting information.
We use the pH measurement of three typical control nanoribbons as shown in Figure   3a to estimate the unknown parameters for the proton reactions N s , K a , K b . In Figure   3a , the measured threshold voltage V th of each nanoribbon has been converted to the surface potential via Ψ 0 = V th (P ZC) − V th , where V th (P ZC) is the threshold voltage at the assumed point of zero charge (PZC). This conversion is similar to previous work. [29, 41] We find that a point of zero charge between 6 and 7 gives a good fit with the data. We We conclude this discussion with Figure 3c , showing the calculated surface potential versus the activity of calcium ions a Ca 2+ and pH for the parameters obtained above.
Clearly, the pH value determines both the total shift ∆Ψ total,a Ca 2+ and the region of maximum response. At high pH, the surface potential is rather negatively charged which increases the activity of the calcium ions as given by the Boltzmann distribution. Hence, the response to Ca 2+ saturates at lower concentrations compared to responses at lower pH.
It is important to note that any additional surface charge is directly changing the range in which the species can be detected. This can be used to tune the region of maximum response of the sensor.
Conclusions
In conclusion, we propose a simple, general model to describe the influence of a com- The measured data is in good agreement with the model and a response of 20mV/dec in the concentration range of 1 mM up to 1 M is achieved. We further demonstrate that the choice of material and functionalization is highly critical for the specific detection of species other than protons. Gold is an ideal candidate in this case because of its moderate pH response and the well-established protocols for the self-assembly of monolayers of functional molecules.
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